Abstract: Electrochemical microsensors are ideal to measure substances with low concentration in complex environments. The primary excitatory neurotransmitter L-glutamate is present in many foods as a distinctive flavour (enhancer) with a wide concentration range. In comparison to other methods, electrochemical sensors allow the rapid, precise, cost-effective, online measurement without any sample treatment. We developed a disposable electrochemical microsensor platform with multiple integrated, highly sensitive (detection limit <150 nM) and selective enzyme-based glutamate biosensors. We showed both the precise determination of glutamate levels in processed foods with high glutamate content (15-40 mM), e.g., broth, and in foods with low natural concentrations such as different types of cow's milk (~250 μM). Hereby, we successfully demonstrated the capabilities of electrochemical biosensors in food monitoring, analysis and quality control.
Introduction
L-glutamate is well known as the primary excitatory neurotransmitter in the mammalian central nervous system (CNS). It is also widely spread as a distinctive natural flavour in many foods and therefore used as a flavour enhancer. In this context, glutamate is also known under as its sodium salt as which it is often added, monosodium glutamate (MSG). It has a characteristic savoury flavor and adds substantially to the natural flavor of many foods. Glutamic acid as part of the protein molecules is abundant in many protein rich foods. If glutamic acid is released, e.g., due to the denaturing of the proteins in food processing, it dissociates to from the glutamate anion in the neutral pH range.
Although the relationship between glutamate intake through food and the levels in the CNS is strictly regulated in adults, the determination of glutamate concentrations in food is of interest, not only because glutamate has a multitude of functions outside the CNS [1] . It has to be mentioned however, that glutamate does usually not cross the brain-blood-barrier in adults and is synthesized de novo in the brain for neurotransmission.
Glutamate concentrations in foods can be determined by discontinuous, offline methods such as chemical analyzers or high performance liquid chromatography (HPLC), where time consumption and equipment cost are limitations [2] . Optical (bio-)sensors often lack precision and resolution, especially at low concentrations, as well as a defined zero-point. Enzyme-based electrochemical microsensors allow fast, precise, selective, online measurement from small sample volumes and cost-effective mass fabrication [3] .
Materials and Methods

Chip and Sensor Fabrication
Key to reliable electrochemical measurements are appropriate sensitivity and mechanisms for selectivity. We fabricated a disposable multi-sensor platform in a cost-effective hybrid of thin-film and laminate technology ( Figure 1 ). Chip fabrication, including electrode modification and deposition of a Ag/AgCl on-chip reference electrode, was done on a wafer-level as described previously [4, 5] . For sensor integration, glutamate oxidase was stably immobilized on platinum thin-film electrodes by chemical crosslinking into a protein matrix (Figure 1) . Besides the enzyme's specificity, a perm-selective layer and the use of a blank sensor guarantee high selectivity. 
Experimental Procedures
All amperometric electrochemical measurements were carried out in a 3-electrode-setup using on-chip reference and counter electrodes. The working electrodes were polarized to +450 mV by a multichannel potentiostat. Measurements were performed in 0.1 M phosphate buffered saline (PBS) at pH 7.4 L-glutamic acid monosodium salt (Fluka) was used for calibration. Untreated commercial food samples in the microliter range were added to 50 mL PBS. Instant broth was prepared at 20 g per litre as recommended.
Results and Discussion
Measurement of High Glutamate Foods
Instant broth (beef, chicken, vegetable) broth and soy sauce are fermented and processed foods with a typically high glutamate concentration. Figure 2 shows the raw glutamate signals from the addition of different food samples. The online measurement allowed observation of changes in real-time and the complete determination of concentrations within minutes. The obtained measurements and calibrations are highly linear and reproducible. Figure 4 shows the determined glutamate concentrations in different high glutamate foods, which ranged between 15 and 40 mM. Reproducibility enabled precise measurements with a relative standard deviation (RSD) around 1%. The instant broths seem to be adjusted to a certain glutamate level regardless of their flavour. The ingredient yeast extract is very likely the source of the additional glutamate.
Measurement of Milk
High sensitivity (>1 nA μM −1 mm −2 ), low detection limit (<150 nM) and selectivity of the sensor system also allow the direct measurement of foods with two orders of magnitude lower natural concentrations of glutamate such as cow's milk. Different types of commercial (ultra-) high-temperature-treated (UHT) whole and skim milk were investigated. First, milk samples were added. Then, glutamate samples for in-line calibration were added in the presence of the milk samples. Both responses show a highly linear and reproducible behavior, which allows a rapid and very precise glutamate measurement (average RSD < 1%) (Figure 3) . The determined glutamate concentrations in all types of milk were within a close range (250-300 μM), but still the different samples of milk could easily be distinguished (Figure 4) . The results are summarized in Table 1 . 
Conclusions
We developed a disposable microsensor platform with multiple integrated, highly sensitive and selective glutamate biosensors. We showed both the precise determination of glutamate levels in processed foods with high glutamate content (15-40 mM), e.g., instant broth and soy sauce, and in foods with low natural concentrations such as different types of cow's milk (~250 μM), demonstrating the capabilities of electrochemical biosensors in food monitoring, analysis and quality control.
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